Background: In humans, temporal lobe epilepsy (TLE), is a type of focal epilepsy occurring
| INTRODUCTION
Epilepsy is one of the most common neurological diseases in both humans and dogs. It is estimated that more than 50 million people worldwide have epilepsy. 1 In dogs, the prevalence of epilepsy is estimated to range from 0.5% to 5%. The International Veterinary
Epilepsy Task Force (IVETF) reports that idiopathic epilepsy may be the most common form of epilepsy and occurs in up to 75% of epileptic dogs. 2, 3 Temporal lobe epilepsy (TLE) was defined in 1989 by the International League Against Epilepsy as a condition distinguished by recurrent, unprovoked seizures originating from the mesial or lateral temporal lobe. 4 Seizures associated with this condition consist of focal, focal aware, or focal impaired awareness. 5 Hippocampal sclero-
sis (HS)/necrosis (HN)/atrophy (HA) is found to be very often associated with mesial TLE (mTLE). It is predicted that HS is related to
approximately 80% of all TLE epilepsies in adult humans. 6 According
Abbreviations: EDs, epileptiform discharges; EEG, electroencephalography; HA, hippocampal atrophy; MRI, magnetic resonance imaging; mTLE, mesial temporal lobe epilepsy; HS, hippocampal sclerosis to recent studies, HS, HA, or both play an important role in canine epileptogenesis, and may reflect TLE or mTLE. [7] [8] [9] Electroencephalographic (EEG) shows the function of the forebrain and can be useful in determining the diagnosis of epilepsy, defining the type of seizure disorder and the epileptogenic zone, including changes specific for TLE/mTLE. [10] [11] [12] [13] The correlation of EEG and MRI studies is useful in determining whether the "functional" epileptic focus is the same as the structural one. 14 TLE occurring in both species might be caused by functional and structural changes in the area of the temporal lobe of the cerebral cortex and associated structures, including the hippocampus. 15 Volumetric MRI is particularly useful in the diagnosis of seizures associated with morphologically altered temporal lobes of the brain, which are reported to be difficult or impossible to detect on routine visual radiological analysis of brain MRI. 14 Because of the fact that none of these methods alone suffices in the determination of the location of the epileptic focus, the interictal EEG, MR, and MR volumetry complement one other. [16] [17] [18] [19] In canine epilep- To date, the EEG-defined position of epileptiform discharges (EDs) has not been correlated with a detailed MR volumetric evaluation of the hippocampus in dogs with suspected mTLE. We hypothesized that dogs diagnosed with idiopathic epilepsy would have unilateral hippocampal atrophy. We also assumed that dogs with HA would show unilateral ED discharges from temporal leads corresponding to the side of the hippocampal volume loss. Hence, the aim of this study was to evaluate the correlation between MR volumetric and EEG and to evaluate whether the functional temporal lobe dysfunction correlates with the morphological damage in the hippocampus.
| MATERIALS AND METHODS

| Study population
The retrospective study with prospective elements involved neurolog- ). Dogs were included in the N group if they had no history of seizures and if the examinations mentioned above were within the reference range. Dogs were excluded from the study if they did not meet the above mentioned criteria, or were of a brachycephalic breed (attributable to the frequent presence of ventriculomegaly). In the N group, dogs were excluded if they had a history of forebrain signs.
| EEG recording
The dogs were subjected to a 30-minute EEG study using a protocol described previously. 23 All the EEG recordings were performed using medetomidine sedation (Narcostart, Livisto, Gdynia, Poland) at a dose steadily decreased to the base point over a 5-minute period (as described in another veterinary protocol, a similar protocol is used in human medicine). 23, 24 All EEGs were subjected to visual analysis.
The recordings were blindly studied by a veterinary neurologist using monopolar and simultaneously bipolar montage with videometric control. The visual analysis took into account the physiologic superimposed transients (SITs) and pathologic EDs. Currently accepted 25 nomenclature was used to identify EDs, as described elsewhere. 23 Special attention was paid to the ED detection and localization.
The ED localization was defined based on the highest amplitude of the discharge in a reference montage and reversed polarity in a bipolar montage recording. 26 The EDs were differentiated from physiologic SITs (including sleep spindles, K-complexes, occipital intermittent rhythmic delta activity or frontal intermittent rhythmic delta activity, and others) and artifacts such as muscle activity, movements, and ocular movements or blinks, together defined as "muscle artifacts." EEG analyses were reviewed independently by 2 observers (AC and MW).
| MRI examination
Following the EEG recording, the dogs were subjected to MRI using a Transverse plane T2-W images were acquired in all dogs.
| MR volumetric analysis
A volumetric analysis of the hippocampus was performed using a semiautomatic method with the use of Osirix 8 software in a T2-W sequence in the transverse plane. The hippocampal volume was measured using described anatomic landmarks and borderlines 27-30 based on a previously described protocol of volumetric analysis. 8 The hippocampus was measured at the border of the lateral cerebral ventricle, where it was easily identifiable (Figures 1-3 ). The hippocampal volume was calculated as the sum of the volumes obtained by multiplying the surface of each slice (cm 2 ) with the slice interval (cm). The volume of the left and right hippocampus and their total volume was calculated. The asymmetric ratio (AR) was used to assess the unilateral hippocampal atrophy, which was obtained by dividing the absolute volume difference between the left and right hippocampi by the volume of the larger hippocampus. 8 The cut-off value of 6% (equal to 0.3 cm 3 for 0.5 cm 3 of hippocampal volume) was applied for AR in order to define pathologic hippocampal atrophy. 8 MR volumetric images were blindly reviewed independently by 2 observers (AC, MW, and PP).
| Statistical methods
The volumes of the left and right hippocampus were recorded and the AR was calculated manually. The normality of data distribution was analyzed using the Shapiro-Wilk test. All the analyzed data were nonparametric; hence, the nonparametric Mann-Whitney U test was used to compare hippocampal volumes (StatSoft Inc, 2011 STATISTICA
[data analysis software system, version 13.1]). Statistical significance was determined at P < .05. The correlation between the groups was analyzed using Spearman's correlation coefficient. Data were presented as a box plots.
| RESULTS
We included 41 dogs with IE and 16 dogs in the N group in the study. 
| EEG findings
In the IE group, the EEG analysis revealed EDs in the form of spikes, polyspikes, and sharp waves in 27 dogs and no EDs in 14 dogs. Ten 
| Volumetric findings
In the IE group, the median unilateral hippocampus volume was 0.55 cm 
| Volumetry and EEG correlation
Using a cut-off threshold AR of >6%, 56% ( A significantly greater median asymmetric ratio in epileptic dogs than the control group measured using Mann-Whitney U test (P < .001). IE, idiopathic epilepsy group; N, control group help to localize the region of interest, that is, if the activity is recorded by the F4 (frontal electrodes) and F8 electrodes, then the epileptic field is located in the frontal lobe, if it is recorded by the F8 and T4
electrodes, then this activity is likely to be located in the cranial part of the temporal lobe. 32, 33 Therefore, additional T1 and T2 (the socalled Silverman/Sphenoidal electrodes) electrodes are placed over the zygomatic arch to record activities strictly from the medial temporal region. 32, 33 The typical epileptiform abnormalities in mTLE include spike or sharp waves over the temporal basal electrodes F7/ F8, especially from T1/T2. 32 In this study, discharges from the T3,T4 electrodes were considered to originate from the canine temporal lobe, 34 resembling human F7, F8, T1, T2 leads, as they were located above the zygomatic arch (corresponding to the T1/T2 electrodes in human medicine) and recorded activity from the Sylvian gyrus and the temporal lobe area. 35, 36 Recently, the use of the F7/F8 electrodes, located on the zygomatic arch 37 , was described. In our opinion, the use of these electrodes increases the value of the EEG examination and should definitely be considered for use in an optional preoperative diagnosis of HS. 37 In 26% of the dogs (from group IE, 6/23) with unilateral HA, no EDs were observed. Dogs in this study were subjected to a single EEG study lasting 30 minutes. In humans, this type of examination gives a 50% seizure detection rate. Prolonged EEG monitoring increases the yield to 70%-80%, and a repeated second EEG examination further enhances the yield to 90%
abnormalities. [31] [32] [33] Approximately 10% of the patients with mTLE will have normal EEGs between seizures. 32, 33 In those dogs that had radiologically detectable HA with ED from frontal and central leads (35%), HA could have developed secondary to epileptic seizures, with an epileptic focus originating from the frontal lobe and parietal lobe. The medial temporal lobe contains the hippocampus and the amygdala. Some studies in human medicine showed that 5% of patient with mTLE had a seizure onset in the amygdala 36 and it has been suggested that the pathophysiology of mTLE can sometimes relate to abnormalities in the amygdala. Some findings support the hypothesis that there might be a subgroup of patients without MRI signs of HS or any other abnormality based on a visual analysis of MRI, known as "MRI-negative" patients, who have no changes in the hippocampal volume. 38 The volumetric study of the amygdala in some of those patients suggests that an enlarged amygdala can be responsible for FIGURE 6 Electroencephalographic recordings from a 2-year-old female Siberian husky (idiopathic epilepsy group) with unilateral hippocampal atrophy on the right showing spike activity (read arrow) and polyspike activity (blue arrow) from the T4 lead. The discharge localization is defined based on the highest amplitude in the reference montage (arrow) and reversed polarity in the bipolar montage recording (arrow)
The differences of an asymmetric ratio (AR) in both groups (light gray; AR > 6%, dark gray; AR < 6%) the epileptogenic process. 36 In our study, the measurement of the amygdala was not carried out because of its small size and difficulty in differentiating it from other structures in the T2 sequences using 1.5 Tesla imaging.
In one of the dogs with unilateral HA, EDs were detected in the contralateral temporal lead that could reflect amygdala involvement 36, 38 and that HA is secondary to epileptic seizures. The lack of the amygdala measurements is one of our study limitations.
Although seizures in mTLE usually initiate with focal seizures evolving into generalized (epileptic) seizures, our study also includes dogs with apparent generalized seizures, as it is often impossible to determine the seizure onset in this species.
In a previous study of the hippocampal volume, 8 28 out of 58 (48%) dogs had unilateral hippocampal atrophy. In our study, 23 out of 41 (56%) dogs had HA. Those results are similar to our findings and indicate that applying an AR > 6% of the hippocampus enables an accurate assessment of HA in dogs. 8 The second possible FIGURE 8 Schematic representation of the electroencephalographic findings with particular emphasis on the location of epileptic activity in the idiopathic epilepsy group of dogs with radiologically detectable and no detectable hippocampal atrophy FIGURE 7 Electroencephalographic recordings from a 2-year-old female Siberian husky (idiopathic epilepsy group) with unilateral hippocampal atrophy on the right showing polyspike activity (read arrow) from the T4 lead. The discharge localization is defined based on the highest amplitude in the reference montage (arrow) and reversed polarity in the bipolar montage recording (arrow) and described protocol for the assessment of unilateral atrophy of the hippocampus is the use of an AR > 12.6%. 7 It has been suggested that this protocol is more specific for identifying canine epileptic hippocampal asymmetry, although the protocol applied in this study was also used by other authors. 8 It is based on a human study affirming that a difference in hippocampal volume of 0.3 cm 3 was associated with a satisfactory sensitivity and specificity. Therefore, it is reasonable to consider that an AR 6% or more indicates pathologic hippocampal atrophy. 40 In some dogs in this study, the difference in the unilateral volume of the hippocampus was visible during a visual radiological evaluation of the MRI scans, which is also described in human patients with mTLE. 41 A volumetric analysis of chosen intracranial structures is used to support the radiological evaluation of subtle changes in brain tissue in MRI images. 15 In veterinary medicine, there is no information regarding the correlation between structural changes observed in the hippocampus and EEG findings. However, in humans, interictal EEG abnormalities correlated very well with the ictal onset zone (spikes 90%) and interictal spikes correlated with the structural abnormalities detected by MRI in the majority of patients with mTLE. 42 To validate the in vivo occurrence of mTLE in dogs with IE and to expand the research into canine epilepsy, there is a needed to perform repeat EEG examinations (minimum 2) or 24 hour video-EEG monitoring and refine the volumetric method taking into account the amygdala according to the methodology carried out in human studies. This may allow future application of resection treatment in dogs with refractory epilepsy. 43, 44 TLE is often resistant to medical treatment and it is estimated that 30% of IE dogs are resistant to medical treatment. 43, 44 Thus, surgical management of drug-resistant epilepsy is considered as an alternative. Hence, there is a necessity for further development of advanced diagnostic methods to detect epileptogenic foci in dogs. The results of this study form the basis of further research into mTLE in dogs and future application of surgical management of this type of epilepsy.
| CONCLUSION
The results indicate an association between the presence of EDs detectable on EEG and a decrease in the unilateral hippocampal volume in some cases of canine idiopathic epilepsy that might reflect features of human mTLE.
The combination of EEG and volumetric MR could be an appropri- 
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